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I
n pregnant women, maternal insulin secretion is increased together with marked insulin resistance (1) . This increase in insulin resistance plays an important role in the facilitation of the net flow of glucose and other nutrients toward the fetus. However, in gestational diabetes mellitus (GDM), which is a rapidly growing public health concern with the global prevalence of up to 18% (2) , the endocrine pancreas, and in particular b-cells, have a reduced capacity to synthesize and secrete insulin (3) . Thus, reduced adaptation of the pancreatic b-cells to the increased demands during pregnancy has been proposed as a major causal factor for GDM (4) . GDM increases the incidence of complications in both the mother and the fetus, including gestational hypertension and preeclampsia for the mother and macrosomia and caesarian delivery for the infant (5) . In addition, the diabetic environment in the uterus may induce a defective adaptation of the b-cells in the fetus (6) , resulting in the transgenerational effect of metabolic disorders. In spite of vigorous research in this area, the molecular basis for the defective adaptation of the b-cells in GDM remains unclear.
Adrenomedullin (ADM) is a potent vasodilator peptide with 52 amino acid residues originally isolated from human pheochromocytoma (7) . ADM is a member of the calcitonin peptide superfamily and signals through its receptor components calcitonin receptor-like receptor (CRLR) and receptor activity-modifying protein (RAMP)2 or RAMP3. ADM22-52 is an antagonist of ADM that blocks the functions of CRLR/RAMP2. CGRP8-37 is an antagonist that blocks ADM actions through ADM when it functions through CRLR/RAMP3 (8) . ADM is expressed by a variety of cell types and is considered to have pleiotropic effects, including cell growth (9) , inflammation (10), hormone secretion (11), pregnancy-related vascular adaptations (12) , and fetal growth (13) . It has been reported that pancreatic islets express ADM (14) , and ADM receptors have been identified and well characterized in insulin-producing cells (15) . It is thus possible that ADM may be involved in the physiological regulation of insulin secretion, and changes in ADM levels during pregnancy may contribute to the defective b-cell adaptation seen in women with GDM.
The development of an expanded population of human pancreatic b-cells that can be used for in vitro studies and cell transplantation is a major goal for diabetes research. Derived from the purified human pancreatic b-cell line, b-Lox5 has been created by the expression of dominant oncogenes (16) . The cell lines grow indefinitely but lose differentiated function. Pancreatic-duodenal homeobox (PDX) factor-1 (PDX1), a homeodomain protein, is the earliest known molecular signpost of the developing pancreas (17) . Disruption of the PDX1 gene in mice and spontaneous mutation in humans with pancreatic agenesis led to elucidation of its critical role in pancreas formation (18, 19) . Conditional knockout of PDX1 in b-cells leads to diabetes, demonstrating a further role of PDX1 in maintaining b-cell function (20) . Induction of b-cell differentiation has been achieved by stimulating the signaling pathways downstream of the transcription factor PDX1, cell-cell contact, and the glucagon-like peptide (GLP)-1 receptor. Synergistic activation of those pathways resulted in differentiation into functional b-cells exhibiting glucose-responsive insulin secretion in vitro. However, the expression of ADM and its receptors in these cells and its effects on the insulin expression and production by pancreatic b-cells remain unknown. Therefore, the objectives of this study were to determine if circulating levels of ADM in pregnant women with diabetes are elevated and to determine whether ADM inhibits human pancreatic b-cell insulin production and, if so, to identify the signaling molecules involved in ADM actions.
Materials and Methods

Subjects
This study was approved by Baylor College of Medicine Institutional Review Board (IRB # H28527) and was conducted according to Declaration of Helsinki Principles. Informed consent was obtained from all participating subjects admitted to the Pavilions for Women at Texas Children's Hospital and Ben Taub Hospital. Blood samples were collected during admission for ceasarean delivery or labor from women who had normal glucose tolerance (NGT, n = 10) or who had been diagnosed with GDM (n = 11). Plasma was separated from blood samples and stored in PeriBank. Oral glucose tolerance test was performed during mid-gestation. Women with GDM had glucose intolerance, whereas women in the NGT group had negative screening results. The 1-hour glucose screen cutoff for GDM was 140 mg/dL. The 3-hour glucose tolerance test values are fasting .95 mg/dL, 1 h .180 mg/dL, 2 h .155 mg/dL, and 3 h .140 mg/dL. Patients with GDM included in this study were either under diet control or insulin treatment. Exclusion criteria included preexisting diabetes, fetal anomalies, multifetal pregnancy, hypertension, preeclampsia, immunosuppressive treatment, or clinical evidence of maternal or fetal infection. Prepregnancy and early pregnancy height and weight from each subject were obtained from the records. Body mass index was calculated based on the recorded height and the weight measured at the first visit during early pregnancy or using selfreported prepregnancy weight. The relevant clinical details of the subjects are shown in Table 1 .
Midregional pro-adrenomedullin determination
Previous studies measuring ADM levels in the human circulation were inconsistent, perhaps due to the short half-life of ADM (21) and its interaction with a binding protein (22) . Recently an assay was developed to detect midregional proadrenomedullin (MR-proADM), a stable cleaved product of the prehormone that is in direct correlation with ADM (23) . Because the quantification of ADM in plasma was hampered by its short half-life and the existence of a binding protein (22, 24) , we measured MR-proADM using a Human MR-proADM ELISA kit (MyBiosource, San Diego, CA) according to the manufacturer's instructions. Briefly, 100 mL of plasma were added to the wells of a micro-ELISA plate, followed by incubation for 90 minutes at 37°C. After the liquid was removed from each well, 100 mL of biotinylated detection antibody working solution was added to each well, followed by incubation for another 1 hour at 37°C. Then, 100 mL of horseradish peroxidase conjugate working solution was added, followed by incubation for 30 minutes at 37°C. Substrate solution (90 mL) was added, and samples were kept for 15 minutes at 37°C. The absorbance was read at 450 nm and analyzed using a Spectrophotometer CLARIO STAR (BMG Labtech, Inc., Cary, NC). According to the Certificate of Analysis provided by the manufacturer, this kit recognized natural and recombinant human MRproADM. The coefficient of variation was calculated as the ratio of standard deviation to the mean based on duplicate measurements and expressed as percentage value; for MRproADM in our laboratory, this was 3.31%. The regression coefficient for linearity calculated by software of CLARIO STAR was 0.998.
b-Lox5 cell transduction with PDX1 and aggregation
The b-Lox5 cell line, derived from human pancreatic b-cells, was kindly provided by Dr. Clayton Mathews from the University of Florida College of Medicine. b-Lox5 cells were maintained in low glucose (1 mg/mL) DMEM (Gibco, Life Technology, Gaithersburg, MD) supplemented with 10% fetal bovine serum (HyClone; Fisher Scientific, Pittsburgh, PA), 1% MEM nonessential amino acids (Gibco), 1% penicillinstreptomycin (Gemini Bio-Products, West Sacramento, CA), 0.02% BSA (Sigma, St. Louis, MO), and 15 mM HEPES (Gibco).
The insulin producing islet-like aggregates of PDX1-containing human b-Lox5 cells were generated as described previously (16, 25) . Human PDX1 cDNA was inserted into an optimized HIV-based vector backbone used for constitutive expression (pWPT) (Addgene, Cambridge, MA). Stocks of pWPT-PDX lentiviral vectors were generated by transient cotransfection of HEK293T cells with pWPT-PDX, translentiviral packaging mix (Dharmacon, Lafayette, CO) according to the manufacturer's instructions. Viral particles were collected and concentrated by ultracentrifugation at 23,000 3 g for 2 hours, and pellets were resuspended in DMEM. For human pancreatic-duodenal homeobox factor-1 transduction, 1.2 3 10 6 b-Lox5 cells were transduced with 5 mL of viral particle suspension in DMEM 10% fetal bovine serum for 24 hours. Islet-like aggregates of PDX1-b-Lox5 cells were induced by removal from monolayer culture with Cell Dissociation Media (Sigma, Saint Louis, MO), pelleting, and shaking in a cryovial at 70 cycles/min for 1 hour in the presence of 10 nM Exendin-4 (Sigma-Aldrich, MO). Contents of the cryovial were removed without resuspension and released dropwise into media-filled wells of ultra-low adhesion tissue culture plates (Corning SPD, Acton, MA) prepared according to the manufacturer's instructions. After growth for 5 to 10 days, with media changes every 48 h, cell aggregates were treated with ADM in the presence or absence of ADM antagonist, ADM22-52, or signaling pathway inhibitors. Cell growth and aggregate formation were viewed daily and photographed under an Olympus BX51 microscope (Olympus Scientific, Waltham, MA).
Real-time quantitative PCR
Total RNA was isolated from b-Lox5 cells using TRIzol (Life Technologies, Grand Island, NY), and reverse transcription was performed as previously described (26) . Real-time quantitative PCR was performed using TaqMan probes for insulin, ADM, CRLR, and RAMP2 (Life Technologies, Grand Island, NY). Amplification of housekeeping GAPDH (forward primer: 5 0 -GGTCTCCTCTGACTTCAACA-3 0 ; reverse primer: 5 0 -AGCCAAATTCGTTGTCATAC-3 0 ) served as an endogenous control. PCR conditions for TaqMan® gene expression were 2 min at 50°C and 10 min at 95°C for 1 cycle, then 15 seconds at 95°C and 1 min at 60°C for 40 cycles. All experiments were performed in triplicate. Results were calculated using the 2-DDCT method and expressed in fold increase/ decrease of the gene of interest.
Determination of insulin secretion by b-Lox5 cell aggregates
The secretion of insulin by b-Lox5 cell aggregates in culture medium were determined using the insulin ELISA kit for humans (Invitrogen, Waltham, MA) according to the manufacturer's instructions. Briefly, 50 mL of samples and 50 mL of anti-insulin horseradish peroxidase conjugate were added to the wells of a micro-ELISA plate and incubated for 30 minutes at room temperature. After removing the liquid from each well, cells were washed, 100 mL of stabilized chromogen was added, and cells were incubated for another 15 minutes at room temperature in the dark. Then, 100 mL of stop solution was added, and cells were incubated for 30 minutes at room temperature. The absorbance at 450 nm was read and calculated using a spectrophotometer (CLARIO STAR; BMG Labtech, Inc., Cary, NC).
Statistics
All data are presented as mean 6 SEM. Data were calculated and analyzed by Prism software (GraphPad, La Jolla, CA). Repeated measures ANOVA (treatment and time as factors) with a Bonferroni post hoc test were used for comparisons between groups. mRNA expression and ELISA data were compared between groups using unpaired Student t test. Statistical significance was defined as P , 0.05. 
Results
Characteristics of human subjects studied There were three non-Hispanic and seven Hispanic women in the group with NGT and two non-Hispanic and nine Hispanic women in the group with GDM. There were no significant differences in maternal age, gestational age, and birthweight between groups (Table 1 ). In addition, there were no significant differences in body mass index between subjects with NGT and subjects with GDM in this study.
Maternal plasma MR-proADM concentrations are significantly higher in pregnancies with GDM (114.6 6 7.9 pg/mL) compared with women with NGT (79.80 6 1.17 pg/mL, P = 0.0004), suggesting that elevated circulating ADM may be involved in the pathogenesis of GDM.
PDX1-b-Lox5 cells can be induced to form islet-like cell clusters
To determine whether PDX1-b-Lox5 cells respond to the physiological cues induced by cell-cell contact, we assessed whether PDX1-b-Lox5 cells were amenable to culture as islet-like aggregates. Here we showed that, without constant shaking, PDX1-b-Lox5 cells remained in monolayer fashion after 5 days in culture (Fig. 1) .
However, constant shaking at 70 rpm for 1 hour at 37°C and culturing for 5 days promotes cell-cell contact, and the cells become more compact, round, and dense and form three-dimensional islet-like clusters. This structure can be maintained in suspension for 7 to 12 days with no apparent change in viability.
PDX1 does not induce ADM and its receptor component expression
Because PDX1 is reportedly expressed in nearly all b-cells (27), we investigated the effects of PDX1 transduction on the mRNA expression for ADM and its receptor components in b-Lox5 cells. Here we showed that mRNA for ADM and its receptor components CRLR and RAMP2 were expressed in b-Lox5 cells (Fig. 2) . However, PDX1 transduction did not significantly affect the mRNA for ADM and its receptor component expression, suggesting that PDX1 transduction is not sufficient to stimulate ADM and its receptor component gene expression in the b-Lox5 cell line.
Cell-cell contact acts synergistically with PDX1 to promote insulin expression
To determine the effects of cell-cell contact on b-Lox5 cell insulin expression, we measured the mRNA expression of insulin in b-Lox5 cells by quantitative PCR. We found that mRNA for insulin was expressed at lower levels by monolayer cells and cell aggregates without PDX1 transduction, but the expression was significantly increased by PDX1-transduced b-Lox5 cells in monolayer, with a further increase in cell aggregates (Fig. 3A) , suggesting that promotion of cell-cell contact by aggregation of PDX1-b-Lox5 cells into islet-like clusters resulted in a significant increase in insulin mRNA expression. Thus, transduction of PDX1 and cell-cell contact act synergistically to activate the endogenous insulin gene expression in these b-cells.
ADM inhibits insulin mRNA expression and secretion by PDX1-b-Lox5 cell aggregates
To determine the effects of ADM on insulin mRNA expression by PDX1-b-Lox5 cell aggregates, we stimulated the cells with DMEM containing 4 mg/mL of glucose followed by treatments with ADM for 24 hours. The results showed that insulin mRNA expression in these cells was inhibited by ADM in a dose-dependent manner (Fig. 3B) . This inhibition was reversed by ADM antagonist ADM22-52, indicating that the inhibitory effect of ADM was mediated through ADM receptor components. Insulin secretion was assessed by measuring insulin levels in cell culture medium using an ELISA kit. Insulin secretion was dose-dependently suppressed by ADM (Fig. 3C ). This ADM-induced inhibition was reversed by ADM22-52, confirming that the inhibitory action of ADM on insulin production by PDX1-b-Lox5 cells is mediated through ADM receptors.
cAMP-dependent protein kinase A and Erk pathways are involved in the inhibitory actions of ADM on b-Lox5 cell insulin secretion
To determine the underlying mechanisms of ADM actions, human b-Lox5 cell aggregates were treated with a cAMP-dependent protein kinase A (PKA) inhibitor KT5720 for 30 minutes prior to the addition of ADM. The inhibitory action of ADM on insulin production was abolished by KT5720 (Fig. 4A) , implying that cAMP-dependent PKA is involved in the ADM signaling pathway. In addition, the inhibition of insulin secretion by ADM was reversed by the Erk pathway inhibitor PD98059 (Fig. 4B) , indicating that the Erk pathway is involved in ADM actions. However, ADM-induced reductions in insulin secretions were not blocked by wortmannin, a PI-3K inhibitor (Fig. 4C) , suggesting that PI-3K is not involved in ADM signaling.
Discussion
GDM is considered a status of insufficient insulin production by pancreatic b-cells in an insulin resistance setting, but the pathogenesis of defective b-cell function remains unclear. The current study demonstrates that plasma MR-proADM levels are increased in patients with GDM compared with patients with NGT. Human pancreatic b-Lox5 cells express mRNA for insulin, ADM, and the ADM receptor components CRLR and RAMP2. ADM dose-dependently inhibits mRNA expression and secretion of insulin in b-Lox5 cell aggregates, and these inhibitory effects were blocked by ADM antagonist ADM22-52, cAMP-dependent PKA inhibitor KT5720, and Erk inhibitor PD98059 but not by wortmannin, a PI-3K inhibitor. Therefore, we propose that increased circulating ADM levels may contribute to the defective adaptation of b-cells in diabetic pregnancies and that blockade of ADM actions with its antagonists may improve b-cell functions.
ADM is derived from a common larger precursor peptide. Elevation of circulating levels of this peptide has been described in human pregnancy (28) , and fetoplacental tissues produce ADM (29) . We have previously demonstrated that human adipose tissues produce ADM, and elevated ADM mRNA expression was observed in omental adipose tissues from women with GDM compared with women with NGT (30). Here we measured MR-proADM, the peptide derived from the ADM precursor, and showed that maternal plasma MR-proADM concentrations are significantly higher in women with GDM compared with women with NGT ( Table 1 ), implying that elevated circulating ADM may be associated with the pathogenesis of GDM. ADM concentration in maternal and fetal plasma and in amniotic fluid has been assessed by specific radioimmunoassay (31) . The overall mean amniotic fluid ADM concentration was higher in pregnant women with diabetes than in women with uncomplicated pregnancies, whereas no differences were present in maternal and fetal plasma ADM levels between women with GDM and women with uncomplicated pregnancies. Because plasma ADM levels measured using radioimmunoassay were not different between women with GDM and pregnant control subjects (32) , it is possible that the reliable quantification of ADM in plasma may have been hampered by its short half-life and by the existence of a binding protein, as suggested by other studies (22, 24) , and MR-proADM appears to be a reliable measure of ADM levels as reported in previous studies (33) (34) (35) . Our ability to reliably measure MR-proADM in plasma and that we were able to detect significant differences related to GDM further validates the use of MR-proADM measurements.
It has been demonstrated that PDX1 is sufficient to stimulate transcription from the endogenous somatostatin gene in b-Lox5 cells (17) and that signals initiated by cell-cell contact enhance PDX1-induced gene activation to the level of islets (16) . Cell-cell contact, acting in synergy with PDX1 to activate somatostatin expression in b-Lox5 cells, reveals a direct signaling pathway between the cell surface and nuclear factors in pancreatic endocrine cells. In the current study, we found that mRNA for ADM and its receptor components CRLR and RAMP2 were expressed in b-Lox5 cells (Fig. 2) . However, PDX1 transduction did not significantly affect the mRNA for ADM and its receptor component expression, suggesting that PDX1 transduction is not sufficient to stimulate ADM and its receptor component gene expression in the b-Lox5 cell line. Further, mRNA for insulin was expressed at lower levels by monolayer cells and cell aggregates without PDX1 transduction, but the expression of insulin was significantly increased after the b-Lox5 cells were transduced with PDX1 and the formation of three-dimensional islet-like clusters (Fig. 3A) , suggesting that transduction of PDX1 and cell-cell contact act synergistically to activate endogenous insulin gene expression. Thus, the potent induction of insulin gene expression by synergistic interactions of a transcription factor and cell-cell contact that occurs in b-Lox5 cells is likely to be similar to interactions that take place during the process of normal endocrine cell development. Thus, the b-Lox5 cell line provides a powerful model system for studying human pancreatic endocrine cell development and enabled us to determine the effects of ADM on human pancreatic b-cell function and the underlying mechanisms by which ADM regulates pancreatic insulin mRNA expression and production.
ADM-immunoreactive cells are widely distributed in human tissues, including pancreatic islets, adipocytes, placenta, and uterus (36) . A homogeneous expression of ADM receptor has been found throughout the rat pancreatic islet using in situ hybridization (37) . Six different insulin-producing cell lines have been analyzed by reverse transcription PCR, demonstrating expression of both ADM and its receptor (14) . Further, ADM is reported to inhibit insulin release from isolated rat islet cells, and ADM antibody increases insulin release from these cells in the absence of exogenous ADM (14) , suggesting a potential involvement of ADM in the insulin regulatory system. However, the effects of ADM on pancreatic b-cell insulin mRNA and secretion in human remain unknown. The current study demonstrates that human b-Lox5 cells express mRNA for ADM and its receptor components CRLR and RAMP2 and that expression of insulin mRNA and secretion in human b-Lox5 cell aggregates are inhibited by ADM in a dose-dependent manner ( Fig. 3B and 3C) ; this inhibition was reversed by the ADM antagonist ADM22-52. This study implicates a role for ADM on insulin synthesis and secretion, and the elevated circulating ADM in pregnant women with diabetes may contribute to defective pancreatic b-cell adaptation. The influence of CGRP8-37 on insulin production in human b-Lox5 cells warrants further investigation. Elevated circulating MR-proADM levels in patients with GDM, despite attempts to improve patient status by diet control or insulin treatment, may be suggestive of a continued b-cell dysfunction.
ADM stimulates cAMP accumulation in cultured rat vascular smooth muscle cells (38) and increases Ca 2+ mobilization in bovine aortic endothelial cells (39) . These results suggest that ADM elicits the hypotensive effect through at least two different mechanisms: a direct action on vascular smooth muscle cells to increase intracellular cAMP and an action on endothelial cells to stimulate nitric oxide release, with both leading to vascular relaxation. In addition, insulin release induced by cAMP-raising agents (forskolin plus 3-isobutyl-1-methylxanthine or the calcium ionophore ionomycin) was significantly inhibited by 10 and 100 pM ADM in rat b-cells using the cell line INS-1 (40) . This effect is likely due to the inhibition of insulin exocytosis through the activation of PTX-sensitive G proteins. However, the signaling molecules involved in ADM actions on human pancreatic b-cells remain unclear. The current study demonstrates that the inhibitory actions of ADM on insulin production by human pancreatic b-cells are abolished by KT5720 (Fig. 4A) , implying that the cAMP-dependent PKA is involved in the ADM signaling pathway. In addition, the inhibition of insulin secretion by ADM was reversed by PD98059 (Fig. 4B) , indicating that the Erk pathway is also involved in ADM actions. However, ADMinhibited insulin secretions were not blocked by wortmannin (Fig. 4C) , suggesting that PI-3K is not involved in ADM signaling. The effect of ADM on cAMP production and the crosstalk between PKA and ERK in regulating insulin expression and secretion in human b-Lox5 cells was not assessed in the current study, but we will use cAMP mimics, such as 8CPT-2ME-cAMP or DB-cAMP, in the future to examine its impact on insulin mRNA and secretion by human b-Lox5 cells and the interaction between PKA and ERK signaling molecules. From a clinical perspective, the current study provides evidence that ADM could be involved in the physiological regulation of insulin secretion as well as the pathogenesis of diabetes of impaired insulin secretion. Based on the data from this study and published reports, we propose that glucose enters b-cells via GLUT4 on the cell membrane and undergoes metabolization in mitochondria to increase cytosolic ATP or the ATP-to-ADP ratio, leading to the closure of ATP-sensitive K + channels and causing membrane depolarization and Ca 2+ influx to facilitate exocytosis of insulin (Fig. 5 ).
This study demonstrates that ADM inhibits synthesis and the release of insulin through a PKA-and Erkdependent pathway and that these effects are mediated through ADM receptors on the b-cell membrane. However, it is unknown whether the elevated circulating ADM in GDM is a causative or compensatory event of metabolic dysfunction and whether elevated circulating ADM and the signaling pathways of ADM on pancreatic b-cells are specific for GDM or in general for diabetes mellitus type II. These questions warrant further investigation. A weakness in this study is the limited number of patients. We believe that functional characterization of ADM controlling both b-cell proliferation and survival might not only lead to the Figure 5 . Schematic illustration of ADM actions in human b-cells. We propose that glucose enters b-cells via GLUT4 on the cell membrane and is metabolized in mitochondria, which increase cytosolic ATP or the ATP-to-ADP ratio, leading to the closure of ATP-sensitive K + channels (K ATP ) channels, causing membrane depolarization resulting in Ca 2+ influx and thereby facilitating exocytosis of insulin. ADM is proposed to inhibit insulin mRNA and exocytosis through its receptors on b-cell membrane in a PKA-and Erk-dependent manner.
development of successful therapeutic strategies to enhance the response of the b-cell to increased metabolic loads but may also improve islet transplantation regimens in diabetes treatments.
